In many types of tumors, especially breast tumors, aldehyde dehydrogenase (ALDH) activity has been used to identify cancer stem-like cells within the tumor. The presence and quantity of these cells are believed to predict the response of tumors to chemotherapy. Therefore, identification and eradication of these cells would be necessary to cure the patient. However, there are 19 different ALDH isoforms that could contribute to the enzyme activity. ALDH1A1 and ALDH1A3 are among the isoforms mostly responsible for the increased ALDH activity observed in these stem-like cells, although the main isoforms vary in different tissues and tumor types. In the study reported here, we attempted to determine if ALDH1A1 or ALDH1A3, specifically, correlate with tumor stage, grade, and hormone-receptor status in breast-cancer patients. While there was no significant correlation between ALDH1A1 and any of the parameters tested, we were able to identify a positive correlation between ALDH1A3 and tumor stage in triple-negative cancers. In addition, ALDH1A3 was negatively correlated with estrogen-receptor status. Our data suggest that ALDH1A3 could be utilized as a marker to identify stem-like cells within triple-negative tumors.
Introduction
The aldehyde dehydrogenase (ALDH) family of enzymes are NAD(P)+-dependent enzymes that metabolize aromatic and aliphatic aldehydes. They are involved in oxidation of all-trans-retinal and 9-cis-retinal, which function in the retinoic acid (RA) cell-signaling pathway, and regulate cellular differentiation, cell-cycle progression, and apoptosis. 1 High ALDH activity has been associated with self-renewal in a variety of normal and tumor tissues including those of the prostate, breast, lung, colon, cervix, and ovary. [2] [3] [4] [5] [6] Recently, ALDH activity has become a functional marker for breast-cancer stem-like cells. When breast-cancer cells are stratified using the Aldefluor ® assay, which measures the activity of ALDH using a fluorescent substrate, ALDH bright (ALDHbr) cells represent the tumor-initiating population, and are associated with drug resistance and metastasis. 7, 8 The presence of ALDHbr cells in the residual tumors of women who failed neoadjuvant chemotherapy predicted worse overall survival, 9 indicating that these cells represent a resistant stem-like population.
There are 19 mammalian ALDH genes, belonging to eleven families and four subfamilies, whose expression and enzyme level vary among tissues. 1, [10] [11] [12] Of these, only a 
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opdenaker et al few have been shown to function in the RA signaling pathway. These include members of the ALDH1 family (ALDH1A1, ALDH1A3) as well as ALDH8A1. Immunohistochemical studies using pan-ALDH1 antibodies have shown that overexpression of ALDH1 in breast-cancer specimens is predictive of worse overall survival and is most often observed in aggressive tumors. [13] [14] [15] The isoforms which contribute to the high functional activity in the Aldefluor assay are likely to be tissue specific. In normal breast tissue, the predominant isoform responsible for RA signaling is ALDH1A1 16 and it was predicted that, like many other tissues, ALDH1A1 activity was responsible for ALDHbr cells. However, in breast-cancer cell lines, ALDH1A3 has been shown to be the dominant isoform. 17 Marcato et al published that knocking down ALDH1A1 only minimally affected the Aldefluor activity in breast cells, while the number of ALDHbr cells was significantly reduced with knockdown of ALDH1A3. They further demonstrated that protein expression of ALDH1A3, but not that of ALDH1A1, correlated with Aldefluor activity in breast-cancer cell lines and patient specimens. 17 Expression of ALDH1A1 has been associated with estrogen-receptor (ER) positivity in luminal progenitors during normal breast development. 18 Likewise, estrogen signaling has been shown to decrease expression of ALDH1A3 in female breast tissue. 19 The relationship between the expression of ALDH1 isoforms and ER expression in breast cancer is unclear. In malignant breast tissue, overexpression of both ALDH1A1 and ALDH1A3 has been reported, however, only ALDH1A3 is reported to be positively associated with tumor grade, stage, and metastasis. 17 In this report, we report on the expression of ALDH1A1 and ALDH1A3 in breast-cancer subtypes and determine their association to receptor status, grade, and progression.
Methods

patient population
Breast-cancer tissue specimens were obtained from the biobank at the Helen F Graham Cancer Center and Research Institute under an institutional review board-approved protocol. The patient population consisted of women who underwent surgery at the institute between the years 2006 and 2013 and gave informed written consent for the samples to be biobanked. Upon surgical resection, tumors were prepared as routine formalin-fixed, paraffin-embedded blocks for sectioning. Pathological examination was performed for patient care, clinicopathologic details were recorded, and ER, progesterone receptor, and human epidermal growth factor receptor 2 (HER2) expression were determined. Hematoxylin and eosin stains of tumor sections were reviewed by a breastcancer pathologist to determine the percentage of tumor nuclei and necrosis.
Immunohistochemical procedure
Whole 4 µm tissue sections of each specimen were analyzed by immunohistochemical staining using the LSAB+ System-HRP staining kit (Dako) according to the manufacturer's instructions. Antibodies to ALDH1A1 (clone EP1933Y, Abcam) and ALDH1A3 (cat number ab80176, Abcam) were used at a 1:100 dilution for staining. Specificity of staining was confirmed by omission of the primary antibody and staining with an isotype-matched control antibody (Jackson Laboratories). Human liver sections served as a positive control for staining. Slides were scored as having no expression (0), or weak (1), moderate (2), or strong (3) tumor-cell staining.
Statistical analysis
Two sequential regression models were used to test the relationship between being triple negative (TN) and staining for ALDH1A1 and ALDH1A3 after adjusting for grade and stage. Assumptions for the regression analysis were met (residual normality, multicollinearity, linearity, and homoscedasticity). With the relatively small sample size it was not possible to run analysis by the full spectrum of stages (Table 1) ; therefore, stage was dichotomized by grouping 1A, 1B, and 2A together and 2B through 4 in a second group. The Spearman correlation matrices for the TN and ER-positive groups are presented in Table 2 . Spearman was used because normality was not satisfied for every relationship using a bivariate analysis.
Results
patient demographics
This study comprised a cohort of 62 patients with invasive ductal carcinoma. Of these, 25 were ER positive and 37 lacked expression of ER, progesterone receptor, or HER2 (TN). A summary of the clinical data and demographics from the patient cohort is provided in Table 1 . Tumor sections from 31 individuals with early stage breast cancer and from 26 with advanced stage (clinical stage $2B) were included in the analysis. Serial sections were immunolabeled for expression of ALDH1A1 or ALDH1A3. Slides were scored as having no expression (0), weak (1), moderate (2) or, strong (3) tumor-cell staining ( Figure 1 and Table 1 0  0  8  32  8  32  ALDh1A1  0  10  40  4  11  14  23  1  6  24  14  38  20  32  2  6  24  13  35  19  31  3  3  12  6  16  9  15  ALDh1A3  0  11  44  3  8  14  23  1  9  36  7  19  16  26  2  3  12  16  43  19  31  3  2  8  11  30  13  21 Abbreviations: er+, estrogen-receptor positive; pr, progesterone receptor; TN, triple negative. both antibodies, this staining was not included in the analysis as stromal staining of ALDH1 has been reported in normal breast stroma. 20 
Analysis of ALDh1A1 expression
The distribution of staining by specimen type is presented in Table 1 . Of all of the breast-cancer samples, 23% (14 of 62) had no expression of ALDH1A1, 32% (20 of 62) had weak expression, 31% (19 of 62) had moderate expression, and 15% (nine of 62) had strong expression. Samples were further categorized by receptor status. Of the ER-positive tumors, 40% (ten of 25) had no expression of ALDH1A1, 24% had weak (six of 25) expression, 24% (six of 25) had moderate expression, and 12% (three of 25) had strong expression. For TN samples, 11% (four of 37) had no expression, 38% (14 of 37) had weak expression, 35% (13 of 37) had moderate expression, and 16% (six of 37) had strong expression. No asso- 
Analysis of ALDh1A3 expression
Analysis of ALDH1A3 staining in the all breast-cancer specimens revealed no staining in 23% (14 of 62), expression was weak in 26% (16 of 62), moderate in 31% (19 of 62), and strong in 21% (13 of 62) of samples (Table 1) . Of the ER-positive samples, 44% (eleven of 25) had no expression of ALDH1A3, 36% (nine of 25) had weak expression, 12% (three of 25) had moderate expression, and 8% (two of 25) had strong expression. For TN samples, 8% (three of 37) had no expression of ALDH1A3. Expression was weak in 19% (seven of 37), moderate in 43% (16 of 37), and strong in 30% (eleven of 37) of samples. In contrast to ALDH1A1 expression, an association of ALDH1A3 to tumor grade and stage was observed for ER-positive tumors. The base model consisting of dichotomized stage and grade was significant (F(2,50) =10.90, P,0.001, R 2 =0.3, adjusted R 2 =0.28). Both grade (P=0.002) and stage (P=0.003) were also individually significant. Furthermore, in contrast to ALDH1A1, expression of ALDH1A3 was associated with hormone-receptor status. After adjusting for grade and stage, TN specimens had a significantly stronger association with ALDH1A3 than 19) . This is most likely due to the fact that the majority of the TN samples presented as high grade.
Discussion
In this study, we sought to examine the expression of ALDH1A family members ALDH1A1 and ALDH1A3 in breast cancer in relation to stage, grade, and hormone-receptor expression. We observed that both isoforms were significantly expressed in both ER-positive and TN tumors. However, there was no significant association between immunolabeling intensity of ALDH1A1 and tumor stage or receptor status. In contrast, ALDH1A3 was expressed at significantly higher levels in tumors that lacked expression of the ER. In both ER and TN tumors, expression of ALDH1A3 was positively correlated with tumor stage, and there was a positive association with grade in ER-positive tumors. Our studies support previous findings that indicate the expression of ALDH1A3 is inversely correlated with ER signaling, 18, 19 and may be predictive of metastatic potential in invasive breast cancers. 17 To date, there have been many conflicting reports regarding expression of ALDH1A isoforms and their prognostic value. Some groups have found that ALDH1A is a marker of poor clinical outcome 8, 21 and others have found no correlation between ALDH1A expression and clinical outcome. 17, 22, 23 Analysis of ALDH isoforms has shown that only ALDH1A3 correlates with distant metastases, disease-free survival, and overall survival in breast cancer. 17 Similarly, Qiu et al found a correlation between ALDH1A3 and poor prognosis. 24 However, in contrast to our findings here, they did not find a correlation between ALDH1A3 and ER status. Although our findings indicate that ALDH1A3 is associated with TN tumors, a further categorization of ER-tumors may be needed to clarify this relationship. TN breast cancers can be further classified by gene-expression profiles such as basal-like/ claudin-low, mesenchymal stem-like, and luminal androgen receptor subtypes. 25 The basal-like subtype is defined by the expression of cytokeratins 5 and 14 and the epidermal growth factor receptor (EGFR). Basal-like tumors often have a poor prognosis and are reported to have a higher percentage of cells that possess a stem-like phenotype. 26 Recent studies have shown that expression of ALDH1A correlates with prognosis in EGFR-expressing basal-like cancers. 15, 26 However, specific isoforms were not examined in these studies.
Our findings indicate that ALDH1A3 correlates with stage in TN breast-cancer samples, and may be a prognostic marker for TN breast cancer. Limitations of this study include small sample size, and lack of progression-free and overall-survival information. Additionally, the TN samples in this study were not further classified into basal-like and luminal subtypes. Future work should examine the relationship of ALDH1A3 and survival within the subtypes of TN breast cancer. Additionally, the relationship between ALDH isoforms and other prognostic markers, such as Ki67, and EGFR should be determined.
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